Objectives: Survivors of critical illness in early life are at risk of long-term-memory and attention impairments. However, their neurobiologic substrates remain largely unknown. Design: A prospective follow-up study. Setting: Erasmus MC-Sophia Children's Hospital, Rotterdam, the Netherlands. Patients: Thirty-eight school-age (8-12 yr) survivors of neonatal extracorporeal membrane oxygenation and/or congenital diaphragmatic hernia with an intelligence quotient greater than or equal to 80 and a below average score (z score ≤ -1.5) on one or more memory tests. Interventions: None. Measurements and Main Results: Intelligence, attention, memory, executive functioning, and visuospatial processing were assessed and compared with reference data. White matter microstructure and hippocampal volume were assessed using diffusion tensor imaging and structural MRI, respectively. Global fractional anisotropy was positively associated with selective attention (β = 0.53; p = 0.030) and sustained attention (β = 0.48; p = 0.018). Mean diffusivity in the left parahippocampal region of the cingulum was negatively associated with visuospatial memory, both immediate (β = -0.48; p = 0.030) and delayed recall (β = -0.47; p = 0.030). Mean diffusivity in the parahippocampal region of the cingulum was negatively associated with verbal memory delayed recall (left: β = -0.52, p = 0.021; right: β = -0.52, p = 0.021). Hippocampal volume was positively associated with verbal memory delayed recall (left: β = 0.44, p = 0.037; right: β = 0.67, p = 0.012). Extracorporeal membrane oxygenation treatment or extracorporeal membrane oxygenation type did not influence the structure-function relationships. Conclusions: Our findings indicate specific neurobiologic correlates of attention and memory deficits in school-age survivors of neonatal extracorporeal membrane oxygenation and congenital diaphragmatic hernia. A better understanding of the neurobiology following critical illness, both in early and in adult life, may lead to earlier identification of patients at risk for impaired neuropsychological outcome with the use of neurobiologic markers. (Crit Care Med 2017; 45:1742-1750) Key Words: congenital diaphragmatic hernia; critical care outcomes; extracorporeal membrane oxygenation; hippocampus; memory T he number of children admitted to neonatal ICUs has increased over the last decade, and medical improvements have led to higher survival rates (1) . The longterm neurodevelopment following critical illness in early life is therefore, now more than ever, of major concern. Previous studies have shown that growing up after critical illness in early life, either due to prematurity, specific forms of cardiac anomalies, or major congenital anomalies, is associated with neuropsychological deficits and school problems. Attention and memory domains have been reported in preadolescent and adolescent survivors, irrespective of underlying cause or birth weight (2-7). However, the neurobiologic substrates of these impairments remain largely unknown.
A clearly delimited group of critical illness survivors are children treated with neonatal extracorporeal membrane oxygenation (ECMO) or congenital diaphragmatic hernia (CDH) treated without ECMO. Recently, we showed altered global white matter microstructure and specific alterations in limbic system regions in 11-year-old ECMO survivors (8) . Hippocampal volume was positively associated with verbal memory (8) . However, as only a limited cognitive assessment was available, specific aspects of neuropsychological outcome in relation to brain alterations have yet to be explored. This is of interest as, despite a generally average IQ, not only verbal but visuospatial memory and attention deficits have been shown following ECMO and CDH without ECMO (2, 5, 7) .
The identification of impaired neurodevelopment currently relies solely on neuropsychological assessment. Understanding the neurobiologic correlates of impaired outcome may lead to earlier identification of children at risk with the use of advanced neuroimaging techniques. In this study, we aimed to find neurobiologic substrates of neuropsychological deficits in school-age (8-12 yr) survivors of critical illness in early life by combining elaborate neuropsychological assessment with structural MRI and diffusion tensor imaging (DTI). We hypothesized that previously demonstrated brain alterations in neonatal ECMO survivors (i.e., global white matter microstructure, white matter microstructure in the cingulum bundle and parahippocampal region of the cingulum (PHC), and hippocampal volume [8] ) would be specifically associated with memory and attention deficits. We expect our findings to aid in earlier identification of patients at risk of long-term cognitive deficits with the use of neurobiologic markers.
MATERIALS AND METHODS

Population
Participants of an ongoing trial of working-memory training (NTR4571) at the Erasmus MC-Sophia Children's Hospital with usable neuroimaging data at baseline were included. Inclusion criteria for the trial were school-age (8-12 yr) children treated with ECMO or treated for CDH without ECMO in the first weeks of life at the Erasmus MC-Sophia Children's Hospital in Rotterdam or the Radboud University Medical Center in Nijmegen (the Netherlands), IQ greater than or equal to 80, and memory impairment (z score ≤ -1.5 on ≥ one memory tests [9] ). Children who met the inclusion criteria underwent neuroimaging. ECMO treatment had been applied in case of reversible severe respiratory failure using the entry criteria by Stolar et al (10) : oxygenation index greater than 25 with 3-hour intervals, persistent low pH (< 7.15) for 3-6 hours, and nonresponding to changes in therapy. Entry criteria for ECMO did not change over time. Exclusion criteria were psychopharmaceutical drugs (e.g., methylphenidate) and/or genetic syndromes known to affect neuropsychological functioning.
This study was performed in compliance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and approved by the Institutional Review Board (MEC-2014-001). All parents and children greater than or equal to 12 years old signed an informed consent prior to their inclusion in the study. The neuropsychological and neuroimaging data collected at baseline are presented in this study. 
Neuropsychological Assessment
Neuroimaging
All children first underwent a mock scanning session to become familiarized with the magnetic resonance environment (18) . MRI data were acquired on a 3 Tesla GE MR-750 system using an eight-channel head coil (General Electric, Milwaukee, WI). A full description of the methods is provided in Supplemental Digital Content 2 (http://links.lww.com/CCM/C685). After DTI data processing, the voxel-wise scalar maps fractional anisotropy (FA) and mean diffusivity (MD) were computed. FA indicates the degree of directionality of water diffusion and ranges from zero to one. MD is the rate of diffusion of water (hydrogen) averaged in all directions. The FSL plugin "AutoPtx" for fully automated probabilistic fiber tractography was used to create subject-specific, probabilistic representations of multiple white matter bundles (19) . Automated (20) and visual inspection of the data left 33 DTI datasets (87%) and 35 structural MRI datasets (92%) with usable image quality. All scans were reviewed by a board-certified neuroradiologist (M.S.), blinded for medical history and outcome. No serious clinically relevant abnormalities were reported. In one patient with a hemorrhagic infarct in the posterior middle cerebral artery as shown on neonatal cranial ultrasound, abnormalities (ulegyria) in this region were still visible on the long-term MRI scan. Sensitivity analyses were performed without this child's data. As the results did not change, the child was not excluded from the analyses.
Statistical Analysis
Neuropsychological test scores were converted to z scores (individual score minus the population mean divided by the population sd). Scores were inverted where appropriate so that higher scores always equated with better performance.
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Described in more detail in our previous study (8) , global white matter microstructure was calculated using a weighted (by tract volume) average score of FA/MD of the association and limbic system fibers (uncinate, inferior fronto-occipital fasciculus, superior longitudinal fasciculus, inferior longitudinal fasciculus, cingulum bundle, and PHC):
, where i denotes the tract, and Vol, the volume of the tract. The same formula was used for global MD. Our primary aim was to examine whether previously reported brain alterations in ECMO survivors (global white matter structure, FA in the cingulum bundle, MD in the PHC, and hippocampal volume [8] ) were associated with specific neuropsychological deficits in ECMO survivors and survivors of CDH treated without ECMO. Linear regression analyses were used to assess the associations between the brain regions of interest and neuropsychological outcome. Brain structures were analyzed in the left and right hemispheres separately. If a significant association existed between an individual white matter tract and neuropsychological outcome, global FA/MD was added to identify whether associations were specific to an individual white matter tract above and beyond a global effect. The false discovery rate (FDR) correction (21) was applied once for each set of analyses between the same neuropsychological task and white matter microstructure outcomes (i.e., once for every six tests). The same method was used for the analyses between neuropsychological outcome and hippocampal volume. In post hoc analyses, we adjusted for IQ to assess whether the structure-function relationships were specific to that neuropsychological domain or driven by general intellectual functioning. Next, we assessed whether ECMO treatment (yes/no) or type of ECMO treatment (veno-arterial ECMO/veno-venous ECMO) influenced the associations between the brain regions of interest and neuropsychological outcome using linear regression analyses (5, 22) .
Finally, we determined if neuropsychological outcome was significantly different from the general population (mean z score = 0; sd = 1) using one-sample t tests, to inform us about the potential meaning of a significant structure-function relationship.
SPSS Statistics Version 22.0 (IBM, Armonk, NY) was used for the statistical analyses. Normality tests were performed for all data, and assumptions of analysis of covariance were checked and met before analyses were conducted. No multicollinearity was found (variance inflation factors < 2.5 [23] ). In all regression analyses, we adjusted for age at the time of assessment and gender Age at assessment (yr), mean ± sd 9.7 ± 1.5 9.6 ± 1. Other diagnoses are persistent pulmonary hypertension of the newborn (n = 3), respiratory insufficiency due to respiratory syncytial virus (n = 2), and monoventricular heart with transposition of the great vessels (n = 1). ) and interpreted according to Cohen's guidelines (0.01 = small, 0.06 = medium, and 0.14 = large) (26) . Results were considered statistically significant at FDR-corrected p value of less than 0.05.
RESULTS
Study Population
Thirty-eight children participated (15 girls, 23 boys) with a mean age (sd) of 9.7 years (1.5 yr). Twenty-six children (68%) had been treated with ECMO (meconium aspiration syndrome = 18; CDH = 2; and other = 6), and 12 CDH patients (32%) had not required ECMO. Seventeen ECMO patients (65%) had undergone veno-arterial cannulation and nine (35%) venovenous ECMO. Patient characteristics retrieved from medical records are reported in Table 1 .
White Matter Microstructure and Neuropsychological Outcome
Lower global FA was associated with worse selective attention (β = 0.45; p = 0.036; h p 2 = 0.24) and sustained attention (β = 0.48; p = 0.018; h p 2 = 0.23) ( Table 2 ). Lower FA in the right cingulum bundle was associated with worse sustained attention (β = 0.46; p = 0.018; h p 2 = 0.24), whereas the association with FA in the left cingulum bundle disappeared after correcting for multiple testing (β = 0.40; p = 0.046; h p 2 = 0.26). These findings were no longer significant when global FA was added (Table 2) .
No associations were found between global MD and any of the neuropsychological tests (Table 2) Table 2 and Fig. 1) .
IQ did not affect the associations between white matter microstructure and neuropsychological outcome.
Hippocampal Volume and Neuropsychological Outcome
Smaller hippocampal volumes in the left and right hemispheres were associated with lower scores on verbal memory delayed recall (left: β = 0.44, p = 0.037, h p 2 = 0.16; right: β = 0.67, p = 0.012, h p 2 = 0.14) ( Table 3 and Fig. 1 ). IQ did not affect these associations.
Treatment Characteristics and Neurodevelopmental Outcome
The significant associations found between neuropsychological outcome and the brain were the same in ECMO and non-ECMO patients and veno-arterial ECMO and veno-venous ECMO patients (Supplemental Digital Content 3, http:// links.lww.com/CCM/C686).
Neuropsychological Functioning Compared With the Norm Population
Participants had an average IQ but scored significantly lower on all verbal and visuospatial memory tasks (immediate recall, delayed recall, and recognition). Participants also had significantly lower sustained attention than the reference population ( Table 4) .
DISCUSSION
The aim of this study was to identify neurobiologic substrates of long-term impaired neuropsychological outcome following critical illness in early life. In CDH survivors treated with and without ECMO and in survivors of ECMO treatment following other diagnoses, specific associations were found between attention and memory deficits and global white matter microstructure and regions of the limbic system. These results-that were irrespective of ECMO or conservative ventilator management-provide more insight in the underlying neurobiology of long-term outcome following critical illness in early life. Furthermore, our findings were irrespective of general IQ. This supports a "growing into deficit" phenomenon in these patients, where subtle brain injuries acquired at a young age (8) and neuropsychological outcome, adjusted for gender and age at assessment. p uncor. gives the uncorrected p value. p < 0.05 is considered statistically significant after correcting for multiple testing using the false discovery rate correction. become functionally evident when higher cognitive functioning is required at a later age. The PHC and hippocampus are part of the limbic system, one of the main brain networks involved in memory. The PHC is bidirectionally connected to the hippocampus and forms a larger memory circuit together with cortical structures (27) . Although the hippocampus is viewed as the main hub for memory, its connections are highly important for intact functioning of various memory types (27, 28) . In line with this, our findings showed higher MD, suggestive of decreased integrity in axonal membranes, packing, or myelin (29) , in the PHC to be associated with lower visuospatial and verbal memory. Further, smaller hippocampal volume was associated with impaired verbal memory. Interestingly, studies on other types of critical illness in early life have demonstrated similar structure-function relationships. Hippocampal alterations and related verbal memory impairments were previously found by our group in a different cohort of neonatal ECMO survivors as well as by others in survivors of neonatal hypoxia and in patients with severe forms of congenital heart disease (3, 8, 30) . In preterms, infant hippocampal volume was negatively associated with school-age verbal memory and white matter volume in the PHC with nonverbal memory (31, 32) .
The present study further showed that lower global FA was related to poorer attention. Lower FA can be interpreted as reduced coherence of white matter fibers (29) . Global white matter abnormalities have been associated with lower attention in preterms as well (33) . Although we also found a significant association between lower FA in the cingulum bundle and worse sustained attention, this association disappeared when global FA was added. These findings support the notion of more widespread white matter network alterations underlying attention impairments (34) .
In our study, the majority of significant structure-function relationships were found in the left and right hemispheres, although associations with FA in the left cingulum bundle disappeared after multiple testing correction. The associations with visuospatial memory were found only in the left PHC.
Predominantly, left hemispheric alterations have been suggested to be due to right internal jugular vein cannulation in neonatal ECMO patients (35) . However, our results did not show an effect of ECMO. CDH survivors treated without ECMO showed structure-function relationships similar to ECMO-treated patients. Also, no differences were found between veno-arterial and veno-venous ECMO-treated patients. However, these findings should be interpreted with caution due to the small sample size. Furthermore, previous findings have shown more brain abnormalities in veno-arterial ECMO-treated patients compared with veno-venous-treated patients, but associations with neuropsychological outcome were not studied (22) . Future studies with larger sample sizes, also including near-ECMO patients, are needed to further delineate the effects of treatment or diagnosis on neurodevelopment following critical illness.
Although further research is needed, our results suggest similar neuropsychological deficits and structure-function relationships in CDH survivors treated with and without ECMO and ECMO survivors following other diagnoses. This may suggest potentially similar neurodevelopmental mechanisms following various types of critical illness in early life (3, (30) (31) (32) . The brain matures in a nonlinear fashion from childhood into adulthood, indicating that the timing of microstructural changes differs per brain region (24, 36) . Consequently, the timing of injuries is likely to have specific effects on brain development (37) . As the limbic system undergoes rapid development in the third trimester and neonatal periods, these structures may be particularly vulnerable in critically ill newborns, born prematurely and at term (38, 39) . Furthermore, the hippocampus is sensitive to both internal and external influences. Hypoxic-ischemic injury and (chronic) stress have been associated with hippocampal alterations in term and preterm infants (40, 41). White matter limbic system fibers, such as the PHC and cingulum bundle, may be more vulnerable to these types of injuries because of their connections with the hippocampus and their periventricular location (37) . Interestingly, similar long-term cognitive impairments were reported in adult patients after treatment at ICUs (42) . Although newborns are likely to be at higher risk of limbic system alterations due to its rapid development during this time, hippocampal vulnerability has been shown in the adult brain as well but needs further exploration in adult ICU survivors (43) . Although this study contributes to the limited research on the neurobiology of neuropsychological outcome following critical illness, there are some limitations. First, our comparisons between ECMO and non-ECMO and veno-arterial and veno-venous ECMO-treated patients should be interpreted with caution as the small sample size limits the interpretability of the regression analyses. Second, we did not have a (healthy) control group to compare our neuroimaging data with. Due to major differences in scanner hardware and software, we could not compare our data with data obtained elsewhere. We did however have normative data of the neuropsychological tests. Since we were primarily interested in finding potential neurobiologic substrates of impaired outcome following critical illness, we were still able to adequately address these questions. Third, our sample includes only children with a below average score on one or more memory tests and an IQ of 80 or above. However, since previous studies have shown that the majority of ECMO and CDH survivors have average intelligence but an increased likelihood of attention and memory impairments (2, 5, 7), we feel this sample is representative of critical illness survivors and suits the aim of this study. Nonetheless, future studies should explore how below average IQ affects the structure-function relationships.
CONCLUSIONS
We showed that regions of the limbic system and global white matter microstructure were specifically related to impaired neuropsychological outcome in school-age survivors of CDH treated with and without ECMO and in ECMO survivors following other diagnoses. Our findings may lead to earlier identification of those at risk of neurodevelopmental impairment with the use of neurobiologic markers, such as low hippocampal volume. Also, a better understanding of the neurobiology will contribute to a more critical appraisal of potential intervention modalities. As similar neurodevelopmental outcomes have been found in survivors of various causes of critical illness, future research should assess neurodevelopment longitudinally across different patient groups using both neuroimaging and neuropsychological assessment and compare outcomes with age-matched healthy controls. Intelligence quotient was based on a short form of the Wechsler Intelligence Scale for Children Dutch version using two subtests, Vocabulary and Block Design (11) . Data are expressed as mean z score ± sd. p < 0.05 is considered statistically significant.
